Grain size and weight are important determinants of rice yield. The identification of beneficial genes from wild rice that have been lost or weakened in cultivated rice has become increasingly important for modern breeding strategies. In this study, we constructed a set of chromosome segment substitution lines (CSSLs) of wild rice, Oryza rufipogon with the indica cultivar 9311 genetic background. Four grain-related traits, i.e., grain length (GL), grain width (GW), length-width ratio (LWR), and thousand grain weight (TGW), were screened across six environments. A total of 37 quantitative trait loci (QTLs) were identified in these environments and mapped to 12 chromosomes. Sixteen QTLs were detected in at least two environments, and two QTL clusters were observed on Chr. 4 and Chr. 8. Based on a comparative analysis with QTLs identified in previous studies, the CSSLs between Oryza rufipogon accessions and 9311 had high genetic diversity. Among the sixteen stable QTLs, seven for TGW, LWR, GL, and GW were not previously identified, indicating potentially novel alleles from wild rice. These CSSLs provide powerful tools for functional studies and the cloning of essential genes in rice; furthermore, we identified elite germplasm for rice variety improvement.
Introduction
Rice (Oryza sativa L.) is one of the most important staple foods in the world; half of the world population depends on rice as the main food resource. The Food and Agriculture Organization predicted that the human population will reach 9 billion in 2050, requiring a 60% increase in food production to feed the population (Alexandratos and Bruinsma 2012) . At present, rice breeding is challenged by a yield plateau owing to the narrow genetic background. Common wild rice (O. rufipogon Griff.), which is more genetically diverse than O. sativa (Sun et al. 2001 , Wang et al. 1992 , is considered the direct ancestor of cultivated rice . Transferring genes that control desirable traits from wild relatives to cultivated rice has proven to be an important strategy in rice breeding (McCouch et al. 2007 , Xiao et al. 1996 .
Most agronomic traits of rice are controlled by multiple quantitative trait loci (QTL) (Yamamoto et al. 2009, Yano and Sasaki 1997) . Genetic populations such as the F 2 , BC 1 F 2 generations, and some permanent populations, including doubled haploid (Yoshida et al. 2002) and recombinant inbred lines, could be used for QTL analyses (Onishi et al. 2007) . Major QTLs are easily detected from those populations, but minor QTLs are not. Moreover, it is difficult to make repeated observations using temporary populations. Recently, chromosome segment substitution lines (CSSLs) have been developed in rice (Ando et al. 2008 , Ebitani et al. 2005 , Kubo et al. 2002 , Shim et al. 2010 for the detection of functionally important QTLs and the identification of elite genetic resources. Each CSSL consists of one or a few homozygous chromosome segments derived from a donor parent in the genetic background of the recurrent parent, and the effect of each substituted segment on a trait can be evaluated without genetic interactions among QTLs. The same CSSL can be simultaneously and repeatedly planted in various locations or in different years for diverse analyses.
The identification of QTLs that control grain production is a primary step in rice cultivar improvement. Nearly 400 QTLs have been detected for grain traits (Huang et al. 2013) , some of which have been fine mapped (Bai et al. Breeding Science 67: 472-482 (2017) 
Phenotypic evaluation
At maturity, the grains of five plants of each CSSL were harvested and all fully filled grains were selected and dried in an oven at 40°C for 48 h. Then, 200-300 fully filled seeds per CSSL were measured using an automatic seed analyzer (Wanshen Detection Technology Co., Ltd., Hangzhou, China, www.wseen.com). The automatic seed analyzer instrument contained a 5 million pixel resolution camera and a backlight source grass plate. The grain length (GL), grain width (GW), grain length and width ratio (LWR) were automatically calculated via the automatic instrument. Seed weights were detected using an analytical balance (Botoo Electronic Technology Co., Ltd., Shenzhen, China) linked with the automatic seed analyzer, and values were automatically converted to thousand grain weights (TGW), all traits were measured with three replications.
DNA extraction and SSR analysis
DNA was extracted from fresh leaves according to the procedure described by Zheng et al. (1995) . A polymorphism survey between the parents was conducted using simple sequence repeat (SSR) markers, which were synthesized according to published sequences (McCouch et al. 2002 , Temnykh et al. 2000 , and insertion/deletion (InDel) markers, which were developed from a BLASTN alignment between the genome sequences of japonica cv. Nipponbare and indica cv. 9311. The genomic sequence was obtained from the Gramene website (http://ensembl.gramene.org/ Oryza_sativa/Info/Index). Polymerase chain reaction (PCR) primers were designed using Primer Premier 5.0. A 15 μL reaction mixture was applied for PCR. The mixture was composed of 50 ng of template DNA, 0.3 μL of 10 mM each deoxynucleotide triphosphate (dNTP), 0.4 units of Taq DNA polymerase, 1.5 μL of 10× PCR buffer with Mg 2+ (CWbio, Beijing, China), and 1.2 μL of 10 μmol/L forward and reverse primers. Amplification was carried out using the following reaction conditions: initial denaturation at 94°C for 5 min, followed by 35 cycles of 30 s at 94°C, 30 s at 56°C, and 30 s at 72°C, with a final extension at 72°C for 10 min. PCR products were separated on 8% 2010, , Xie et al. 2008 . Additionally, some genes related to grain size and weight have been cloned, including GS3 (Fan et al. 2006) , GS5 , GL3.1 (Qi et al. 2012) , GW2 (Song et al. 2007) , and GW6a (Song et al. 2015) .
QTLs that impact breeding must be stable across different environments and in different genetic backgrounds. However, grain-related QTL analyses performed in multiple environments have indicated that environmental conditions contribute substantially to changes in rice grain-related traits. Although the phenotypic characters of wild rice are inferior to those of cultivated rice, modern molecular biology studies have revealed that some genes hidden in wild rice are essential to yield-related trait improvement (Tian et al. 2005) . Some QTLs associated with rice grain traits have been detected using wild rice introgression lines (Tan et al. 2008 , Yuan et al. 2009 ). Therefore, the identification of stable QTLs associated with grain size and weight in wild rice is critical for rice breeding.
In this study, we evaluated a set of CSSLs that carry the chromosome segments of O. rufipogon from Hainan province of China in the genetic background of the elite indica cultivar 9311 to detect QTLs for rice grain size and weight that were not specific to a particular environment and to identify elite genetic resources for yield-related traits. Our results will provide elite materials for rice breeding and map-based cloning of desirable genes.
Materials and Methods

Plant materials
The high-yield indica rice variety 9311, which has a sequenced genome and is used as the recipient parent for hybrid rice, was used as the recurrent parent. Wild rice (O. rufipogon, laboratory preserved accession number CWR274) from Hainan province, China was used as the donor parent. The F 1 hybrid was backcrossed several times consecutively to 9311. An advanced backcrossed population was generated after three or four rounds of self-pollination. Molecular markers that were polymorphic between the two parents were used to select target lines to construct CSSLs from the BC 3 F 1 plants and the subsequent backcross and self-pollination generations.
Field experiments
The parental variety 9311 and 133 CSSLs were grown in six environments (two years × three locations) ( where Δy i contained the QTL information on the current segment, and at the same time excluded the genetic effects from the other segments. Then, likelihood ratio test is conducted for the adjusted phenotypic values to determine whether a QTL exists in the testing segment. In this study, 1000 times of permutation test was used to determine LOD thresholds to declare significant QTL (P < 0.05), and also to calculate the genome-wide type I error for each QTL. Each time we reshuffled the phenotypic data and conducted the whole process of RSTEP-LRT. We define the P-value based on the permutation test result as 'genome-wide P-value'. For example, if the value of LOD score corresponds to the 100th largest value in the permutation test of 1000 cycles, the genome-wide P-value of the LOD score is regarded as 0.1. When the LOD score of QTL is larger than the maximum of 1000 LOD scores from permutation tests, P-values was set as 0.001, while the LOD score of QTL is smaller than the minimum of 1000 LOD scores from permutation tests, P-values was set as 1. The QTL detection by RSTEP-LRT, the calculation of phenotypic variation explained by each QTL, and the estimation of QTL additive effects, were implemented by software QTL IciMapping v4.1 (Meng et al. 2015) . QTL nomenclature followed the recommendations of McCouch (2008) . A combined analysis of variance (ANOVA) over the six environments (lines × environments) was used to estimate the variance components, as described by Liu et al. (2016) . The phenotypic variation of the four grain traits was estimated and a correlation analysis was performed to detect the association between grain traits based on the CSSL population data using SPSS19.0.
Results
Development of CSSLs
A total of 435 SSR markers and 175 InDel markers distributed across the 12 rice chromosomes were examined for polymorphisms between CWR274 and 9311; 119 SSR (27.3%) and 62 InDel (41.3%) polymorphic makers were used for the CSSL analysis (Supplemental Table 1 ). Selection of the CWR274 substitution lines in the 9311 background was achieved using these markers.
To identify the CSSLs, the F 1 plant derived from a cross between CWR274 and 9311 was backcrossed to 9311 three times to produce 324 BC 3 F 1 plants. The candidate BC 3 F 1 individuals were selected using 181 polymorphic markers based on the following criteria: (i) a single, relatively large chromosomal segment from CWR274 substituted into the target chromosome; (ii) a high level of residual homozygosis of 9311 alleles in non-target chromosomal regions; and (iii) partially overlapping segments in the chosen lines in order to cover all 12 rice chromosomes. These plants were backcrossed continuously by MAS following the same criteria and were then self-pollinated several times. Finally, we selected 36 lines from BC 3 F 4 , 59 lines from BC 4 F 3 , and 38 lines from BC 5 F 3 , to construct the CSSL population. The polyacrylamide denaturing gels, and the bands were revealed by the silver-staining protocol (Panaud et al. 1996) .
Determination of the physical location of molecular markers
A physical map of the polymorphic SSR and InDel molecular markers was constructed to verify the density and even distribution along the chromosomes. Using the online NCBI BLAST tool (http://blast.ncbi.nlm.nih.gov/Blast.cgi), polymorphic markers were physically mapped to all twelve chromosomes of rice Nipponbare pseudomolecules, which were constructed by the International Rice Genome Sequencing Project (2005) .
Data analysis and QTL mapping
The construction of graphical genotypes and calculation of the percentage of the total genome in CSSLs were performed using Graphical Genotypes (GGT) (van Berloo 1999) . The underlying assumption of the GGT algorithm is that if two neighboring loci come from the same parent, the segment between them is likely to be from the same parental genome; in contrast, if the alleles at a pair of adjacent loci are inherited from different parents, a recombination event is assumed to have happened at the mid-point of the interval.
To explore the genetic basis for the four grain traits in different environments, a procedure of likelihood ratio test combined with stepwise regression (RSTEP-LRT), developed for QTL mapping in non-ideal or ideal CSSL populations was used . In the method of RSTEP-LRT, there are three steps. Firstly, a multiple linear model for phenotypes and adjusted phenotypic values adopted in RSTEP-LRT are summarized as follows. Assuming there were n CSS lines with m marker segments, the averaged phenotypic values for a quantitative trait in interest of the i th CSS line, y i , is represented by the following linear model,
where i = 0 (background parent), 1, 2, ..., n, b 0 is the intercept, b j (j = 1, ..., m) is the partial regression coefficient of phenotype on the j th marker segment, x ij is the indicator variable for the j th marker segment in the i th CSS line, and e i is the random error. Considering the number of marker segments was always larger than the population size in plant genetics, to avoid model overfitting, stepwise regression of bidirectional selection was utilized in model (1) to select important markers associated with the trait in interest, where probabilities for marker segments entering into the model (1) (PIN) was set as 0.001; and probabilities for marker segments moving out of the model (1) (POUT) was set as 0.002 for all the four traits used in this study. Secondly, to test if there is a QTL linked with the j th marker segment, the phenotypic values in model (1) can be adjusted by,
populations, the results show that segment from CWR274 had positive and negative effect in the four traits, suggesting that these traits were quantitatively inherited and polygenic. Correlations among the rice traits for the six conditions are summarized in Table 3 . The positive correlations between TGW and the other three grain-related traits were significant (P < 0.01), the correlation between GL and GW was not significant.
The results of the ANOVA for TGW, GL, GW, and LWR of the CSSL populations across the six different environments are summarized in Table 4 . Significant effects of lines, environments, and their interaction (lines × environments) were observed for the four traits. The analysis of variance for grain traits in the CSSL population across two years × three locations is also summarized in Supplemental Table 2 . Significant effects of CSSL, Site, Year, CSSL × Site, CSSL × Year, Site × Year, and their interaction (CSSL × Site × Year) were observed for the four traits.
QTL analyses for grain traits
Thirty-seven QTLs for the four traits were identified in the six environments and then mapped to twelve chromosomes ( Table 5, Fig. 3 ). For TGW, the QTL qTGW4 was consistently detected across three environments, with an average phenotypic variation explained (PVE) of 10.2%, and the wild rice allele at the qTGW4 locus decreased TGW by an average of 2.24 g. For LWR, qLWR8 were observed in three environments, with average PVE of 11.13%. qLWR1.2, qLWR1.1, qLWR2.2, qLWR6, and qLWR12 were consistently observed in two environments. For the QTLs of GL, qGL3.2, qGL4, qGL12.1, and qGL12.2 were consistently detected across two to four environments, and qGL12.2 was mapped to chromosome 12 with a PVE of 16.54%. The wild rice allele at the qGL12.2 locus increased GL by an average of 0.28 mm. For the GW QTLs, qGW8.1, qGW9, qGW1.2, qGW4, and qGW8.3 were identified in two to three environments, with a PVE of 5.33-18.16%. For all QTLs that were detected in one or two environments, the performance of 37 QTLs in six environments were listed in Supplemental Table 3 .
QTL clusters on chromosomes
Of 37 additive effect QTLs affecting four grain traits, 16 were detected under at least two environments and two QTL clusters were observed on Chr. 4 and Chr. 8 (Fig. 3) . Near the RM280 marker on Chr. 4, one cluster harboring two QTLs (qTGW4 and qGL4) controlled TGW and GL, near the closely linked markers RM126 (qGW8.1 and qLWR8) and InDel8-3 (TGW8) on Chr. 8 has two QTLs affected GW and TGW.
Comparison of TGW between CSSLs and 9311 to select an elite resource
Based on the mean improvement in TGW across six environments, to select several high TGW lines for rice breeding, and detect QTLs in these lines that confirm the results procedure of CSSL development is schematically described in Fig. 1 .
Genotypes of the CSSLs
Graphical genotypes of the 133 CSSLs were generated using the linkage map of 119 SSR and 62 InDel markers (Fig. 2) . The substituted chromosome segments covered most of the 12 chromosomes, except for seven gaps on Chr. 1 (defined by RM449 and RM543), Chr. 6 (defined by RM276, RM527 and RM3827), and Chr. 10 (defined by RM216 and RM239). The numbers of substituted chromosome segments among the CSSLs ranged from 1 to 14, with an average of 4.8 segments per CSSL. The roughly estimated lengths of the substituted segments ranged from 0.1 Mb to 7.9 Mb, with an average of 2.06 Mb per segment. The segment coverage was approximately 93.24% of the whole wild rice genome.
Phenotypic evaluations of the four rice grain-related traits in CSSL populations across six environments
The phenotypic variation of the four grain-related traits among the six environments is summarized in Table 2 . Compared with the recurrent parent 9311, high phenotypic variation was detected in four grain-related traits in the CSSL populations in six environments. The highest degree of variation was observed for TGW, with a range of 24.43 to 39.58 g in E5. The mean TGW for 9311 differed among the six environments, ranging from 31.83 to 33.66 g, and the coefficient of variation ranged from 6.15% to 7.10%. In addition, all four grain-related traits showed continuous distributions and had ultra-parental genetic types in the CSSL relatives are usually small and round in shape; these traits are often favored under natural selection because they are associated with high fertility and are advantageous for dispersal by natural vectors. Using data for the CSSL population from six environments, a total of 37 QTLs for TGW, GL, GW, and LWR located on 12 chromosomes were identified in this study ( Table 5) .
A combined analysis of variance (ANOVA) of grain traits across years and locations showed that these traits were significantly influenced by genotype and environment, as well as genotype × environment interactions ( Table 4) . The interaction between environmental factors, year and location, also significantly influenced the performance of grain traits (Supplemental Table 2 ). The data indicated that minor QTL with low PVE effects are affected by environmental conditions.
Sixteen major QTLs were detected across more than two environments, among them, seven positive QTLs (qLWR1.2, qLWR8, qLWR1.1, qLWR6, qLWR12, qGL12 .2, and qGL12.1) for grain size were identified from common wild rice accessions. Most of these QTLs appear to coincide to loci that were described previously (www.gramene.org). Two QTLs for TGW (qTGW3 and qTGW5) were identified and located in the vicinity of QTLs detected in previous reports (Bian et al. 2010 , Tian et al. 2005 . Four loci associated with GL and LWR (qGL3.2, qGL4, qLWR8, and qLWR2.2) were probably the same locus described by Fan and other research teams (Fan et al. 2006 , Jing et al. 2011 . Three GW QTLs (qGW8.1, qGW8.3, and qGW9) may share the same location as those detected in other populations (Aluko et al. 2004 , Jing et al. 2011 , Nagata et al. 2015 , Redona and Mackill 1998 . As suggested by Tanksley (1993) and Zhuang et al. (1997) , QTLs with major effects are more likely to be stable across multiple environments and various genetic backgrounds. For example, qGL3.2 in the local InDel3-17 on chromosome 3 (Fig. 3) , which was associated with GL, shared the same location as GS3, which has been identified in other interspecific crosses (Fan et al. 2006 . These results suggested that our CSSLs are an efficient population for grain-related QTL identification.
More importantly, seven QTLs for TGW, LWR, GL, and of the QTL analysis, three highest-TGW CSSLs, CSSL85, CSSL126, and CSSL132, were selected ( Table 6 ). Compared to 9311, these CSSLs exhibited increases in TGW by 8.11-10.44%, on average, in the six environments. In addition, four lowest-TGW CSSLs, CSSL21, CSSL31, CSSL35, and CSSL82, showing the most decreases in TGW compared to 9311 in six environments were selected. Compared to 9311, these CSSLs showed apparent decreases in TGW by 17.79-23.85%. Both high-TGW and low-TGW CSSLs carried positive and negative QTLs, respectively. Due to the positive correlation index between TGW and GL, LWR, and GW, the high-TGW CSSLs were selected as elite resources for rice breeding.
Discussion
Previous studies have shown that O. rufipogon from southern China is the ancestor of current rice cultivars; more than 20% of alleles in the wild species have been lost during the domestication of rice , Sun et al 2001 . The exploitation and utilization of favorable alleles from wild rice that were lost in current cultivars have become increasingly important. Some CSSLs have been utilized to identify new QTLs that may improve existing rice cultivars (Adachi et al. 2010 , Marzougui et al. 2012 , and many positive QTLs related to yield have been identified from common wild rice collected from various locations (Fu et al. 2010 , Furuta et al. 2014 , Septiningsih et al. 2003 , Tan et al. 2007 .
In this study, we developed 133 CSSLs harboring chromosomal segments from the donor parent CWR274 collected from Hainan island of China, which has unique morphological and ecological characteristics that are primitive and distinguishable from those of cultivated rice. The common wild rice from that area is rarely used for genomics research, but is an important and unique genetic resource for rice genome and domestication studies (Qi et al. 2013) . Graphical genotypes of the 133 CSSLs were generated using a linkage map of 181 molecular markers. There were seven gaps in the population, possibly because MAS was performed from the BC 3 generation, other biological factors, such as genetic hybrid sterility and both the complexity and instability expression of photo-thermo-sensitive genes, offer an explanation for this observation.
Grain size and weight play important roles in the evolution and domestication of cultivated rice. The grains of wild The abbreviations for the four traits (TGW, LWR, GL and GW) are the same as Table 2 . Asterisks indicate significant correlation coefficients: *, P ≤ 0.05; **, P ≤ 0.01. related to GL showed positive effects. One QTL associated with GL (qGL12.2) was stably detected with positive effects in four environments, actually it can be detected GW that were detected across more than two environments have not previously been identified, indicating potentially novel alleles from common wild rice. Two of the alleles environments were observed throughout this study. Several QTLs in this study were inconsistent between different environments. Since the CSSL contained more than one introgression segment, the genetic background was also an important factor to influence the stability of QTLs and similar multi-environmental results have previously been reported by Wang et al. 2006 .
We performed a comparative analysis of high-TGW and low-TGW CSSLs. Compared to 9311, most of the highest-TGW CSSLs carried positive QTL and lowest-TGW CSSLs generally carried negative QTL (Table 6) ; three high-TGW in five environments while the threshold was LOD > 2.5 (Supplemental Table 3 ), qGL12.2 with PVE of 16.54% was near RM28621 on Chr. 12. The wild rice allele at locus qGL12.2 increased GL by an average of 0.28 mm. These data showed that qGL12.2 is a novel QTL for modification of rice grain shape.
The traits of GW and GL have high heritability and are stably expressed; however, some QTLs were detected in one or two environments, and minor QTLs providing a small contribution rate were easily affected by environmental conditions. Significant interaction effects of lines and Naming of six environments (E1-E6) is the same as Table 1 . Fig. 3 . Map locations of identified QTLs for 1000-grain weight (TGW), grain length (GL), grain width (GW), and length-width ratio (LWR) of the CSSL population, detected in six environments. 4Es represents QTLs detected in four environments, and the same terminology is used for all of the following QTLs; i.e., 1Es represents one environment; 2Es, two environments, etc.
